Insulin-secreting pancreatic b-cell lines represent a promising approach for treatment of insulindependent diabetes mellitus. Such cell lines can provide an abundant and reproducible source of b-cell material for transplantation. A number of highly differentiated b-cell lines have been developed using transgenic mice. These cells produce insulin amounts comparable to normal pancreatic islets and release it in response to physiological insulin secretagogues. Our laboratory has employed a reversible transformation approach to tightly regulate cell replication in these b-cell lines, both in culture and in vivo. Beta-cell lines can be modulated by gene transfer to improve their function and survival. We have utilized adenovirus genes, which downregulate antigen presentation and increase cell resistance to cytokines, to facilitate transplantation of mouse b cells across allogeneic barriers. These approaches could be applied to the development of human b-cell lines by genetic engineering of isolated human islets.
Introduction
Insulin-dependent diabetes mellitus (IDDM) is an autoimmune disorder caused by a combination of poorly understood genetic and environmental factors. The disease results from a lymphocyte-mediated destruction of the insulin-producing b cells in the pancreatic islets of Langerhans, which leads to insulin deficiency. IDDM is currently treated by insulin injections. However, it is difficult to provide in this way the accurate amounts of insulin needed at any given time, resulting in episodes of hyperglycemia or hypoglycemia. Hyperglycemia causes accumulated cell damage in many tissues, leading to the development of long-term complications in IDDM patients. The Diabetes Control and Complications Trial (1) has shown that tight regulation of blood glucose levels can effectively prevent these complications. Thus, IDDM patients will greatly benefit from an insulin delivery system which can continuously respond to the changing physiological needs of the organism by adjusting the amounts of insulin released into the circulation.
Insulin gene therapy
A number of groups have attempted to develop such a system through insulin gene therapy, by introducing into non-b cells, such as pituitary cells or hepatocytes, the capacity to produce proinsulin and process it to mature insulin (2, 3). Autologous insulin-producing non-b cells would avoid the immunological problems associated with recurring autoimmunity to b cells, or with transplantation of allogeneic or xenogeneic b cells. However, this approach requires complex gene transfer manipulations in the cells of each individual patient, either in vivo or in culture, raising the need to evaluate cell function and safety in each case. Perhaps the greatest difficulty in this approach has been to reconstruct in non-b cells the ability to regulate insulin secretion, which is characteristic of normal b cells. The islet b cells are uniquely equipped not only with the ability to produce insulin, but also with sensing and coupling mechanisms to regulate its release in response to changes in the blood concentration of a variety of molecules, most notably glucose (4). Thus the optimal treatment of IDDM is likely to be the preservation or replacement of the b-cell mass.
Advantages of b-cell lines
In principle, the b-cell mass can be maintained by preventing or decreasing the autoimmune destruction of b cells, by induction of islet regeneration, by b-cell replacement through transplantation, or most likely by a combination of all these approaches. In spite of increasing understanding of autoimmunity and of b-cell development, transplantation remains the most feasible approach in the near future for restoration of normal b-cell function in IDDM patients. To develop a b-cell transplantation therapy for diabetes on a large scale, two major obstacles must be overcome: availability of an abundant source of b cells, and prevention of transplant destruction in the autoimmune environment. I will review here work from our laboratory, as well as from other groups, that has focused on these two goals.
The problem of adequate cell supply is unlikely to be solved by isolated islets. The supply of human islets is limited by the number of donors. Isolation of large numbers of animal islets is laborious, costly, and difficult to perform in a reproducible manner. The limitations on b-cell transplantation due to cell supply would be eliminated by the development of universal human or animal b-cell lines. Such cell lines would provide an abundant source of b-cell material for transplantation, with well-defined and reproducible properties. The cells could be selected in culture for optimal function and could be further modulated by gene transfer to improve their function and survival. They could also be extensively screened for known pathogens to assure transplant safety.
Allogeneic versus xenogeneic b-cell sources
Normal adult b cells are difficult to propagate in culture. The b-cell lines developed to date have relied on oncogenic transformation to stimulate cell growth. This approach has worked well with rodent b cells (5-12). Transformed human b-cell lines have proved much harder to generate, since cell transformation often leads to dedifferentiation (13) . However, a highly differentiated human b-cell line remains the ultimate goal for cell therapy of IDDM, as opposed to xenogeneic b-cell lines, for several reasons. Allografts are much easier to protect from immune rejection, compared with xenografts. Hyperacute rejection of xenografts is caused by recognition of cell surface carbohydrate antigens by naturally occurring antibodies (14) . Recent work involving genetic engineering of tissues to inhibit complement fixation has shown some promise in extending xenograft survival (15) . Nevertheless, xenotransplantation remains a formidable challenge. Another advantage of human b cells is that they are likely to be more compatible with the human physiological environment compared with most animal b cells. In addition, human insulin is likely to be more effective in humans than most animal insulins. Xenografts have raised numerous safety concerns, chief among which is the introduction of unknown animal pathogens into the human population. Another concern is that immunogenic peptides shed by xenografts may elicit immune responses, which could result in cross-reactivity against host proteins, thus potentially triggering new autoimmune responses.
The approach in our laboratory has been to develop the genetic strategies for b-cell manipulation in animal (mouse) models, with the hope that they can be applied to the engineering of human islet b cells. However, if functional human b-cell lines continue to be hard to generate, these approaches could be targeted towards engineering of an animal b-cell line suitable for human transplantation, such as from a porcine origin. Although less than optimal for human transplantation for the reasons mentioned above, animal b cells may turn out to have certain advantages. For example, they could be better protected from recurring autoimmunity directed against human b cells. In addition, xenogeneic cells transplanted in immunoisolation devices (see below) should be more readily destroyed by the immune system in case of cell escape from a failing device. Xenogeneic b cells can be engineered to produce human insulin (16) , although non-human insulins, such as porcine, have been successfully used in humans. In addition, IDDM patients often develop antibodies to human insulin, therefore a non-human insulin should not necessarily be more immunogenic.
Transformed rodent b-cell lines
A number of transformed rodent b-cell lines have been generated and extensively studied (5-12). Although many of them deviate considerably from normal b cells in the regulation of insulin production and secretion, a few of these cell lines have manifested a remarkably well-differentiated phenotype (9, 11, 12, (17) (18) (19) , in particular the biosynthesis of insulin amounts, and responses to insulin secretagogues, which are similar to those of normal b cells. In evaluating the potential of employing transformed b cells for cell therapy of IDDM, two major issues have to be addressed.
Cell function
Transformed b cells should produce sufficient amounts of insulin and secrete it in a regulated manner in response to physiological concentrations of insulin secretagogues. These cells should be able to maintain functional stability for long periods in culture and in vivo.
Safety
Cell proliferation should be tightly regulated. This is needed not only to prevent uncontrolled cell expansion, but is also likely to contribute to improved cell function, since mature b cells do not proliferate under normal conditions.
We have established a number of transgenic mouse b-cell lines using SV40 T antigen (Tag) as the transforming oncoprotein. Expression of Tag under control of the insulin promoter in transgenic mice leads to the formation of b-cell tumors (20) , which can be cultured to derive continuous cell lines (7, 9, 10, 12). We termed these cells b-tumor cells (bTC). Functional analyses of these cell lines has demonstrated that transformed b cells can maintain a high level of differentiation with respect to insulin biosynthesis and regulated secretion. bTC cells produce about a third of the normal amounts of insulin found in non-transformed b cells, and respond to all physiological stimuli of insulin secretion (7, 8, (17) (18) (19) . However, when transplanted into syngeneic hosts these cells proliferate in an unregulated manner, which eventually can cause hypoglycemia.
Reversible transformation of b cells
In an attempt to regulate bTC replication we placed the Tag oncogene under a conditional gene expression system (19) . We utilized the bacterial tetracycline (Tc) operon regulatory system to control the expression of Tag. The tetracycline repressor (tetR) binds specifically to a palindromic operator sequence (tet-op). The binding is inhibited when the repressor is attached to the Tc ligand. By fusing the tetR with the transcription activating domain of the herpes simplex virus VP16 protein, Gossen and Bujard have changed the repressor into a potent Tc-controlled transactivator (tTA), which turns on genes flanked by the specific tet-op sites (21) . We generated transgenic mice with the tTA gene under control of the insulin gene regulatory region (RIP-tTA), which constitutively produce tTA in b cells (19) . In a separate lineage of transgenic mice, the Tag gene was introduced under control of a minimal promoter combined with tet-op sequences (tet-Tag). Cultured bTC-tet cells manifest correct responsiveness to glucose in the physiological concentration range. Preliminary studies indicate that growth arrest results in further improvement of cell function. Most notably, a several-fold increase in insulin content, up to the levels found in normal b cells, is consistently observed (M Surana, N Fleischer & S Efrat, unpublished results). To evaluate their capacity to maintain euglycemia in vivo, bTC-tet cells were implanted intraperitoneally into streptozotocin-diabetic syngeneic hosts. The cell implantation led to correction of hyperglycemia (19) , demonstrating the ability of bTC-tet cells to function as normal b cells in vivo. As observed in the past with other bTC lines, the implanted cells continued to proliferate in mice not treated with Tc, which resulted in hypoglycemia and premature death. In contrast, in mice implanted with slow-release Tc pellets blood glucose levels were stabilized in the normal range for the observation period of four months. These findings indicate that the cells undergo growth arrest following Tc-induced inhibition of Tag expression, but maintain viability and are capable of normal glucose sensing and insulin production and secretion. The Tc treatment was completely reversible: when the Tc pellets were removed from the mice at the end of the four-month period of treatment, cell proliferation resumed, resulting in the development of hypoglycemia and tumors within one month. This finding indicates that the bTC-tet cells maintain a proliferative capacity during a prolonged period of growth arrest, which allows renewed cell replication once Tag expression is restored.
This regulatory system works well because of the strict dependence of the transformed b cells on continuous expression of the Tag oncoprotein for their proliferation. The development of b-cell tumors in the transgenic mice is a relatively rare event, occurring only in a small fraction of the islets (20) . This has suggested that tumor development requires additional genetic changes in the cells. However, the findings with the bTC-tet cells suggest that these additional events do not involve genes that regulate the cell cycle, since the cells continue to require the activities of Tag to remain in cycle.
The Tc regulatory system would be rendered more useful in employing conditionally transformed cells in transplantation if the oncogene could be shut off in the absence of the Tc ligand. A mutant tetR developed recently by Bujard, which requires Tc for DNA binding and remains inactive in the absence of Tc (22), may allow this. This reverse system will permit the induction of cell growth in culture in the presence of Tc, and cause growth arrest by removing Tc upon transplantation in vivo.
Protection of transplanted cells from immune rejection
Much progress has been made in recent years in developing new ways to prevent allograft rejection. These approaches are intended to replace prolonged immunosuppression, which compromises host immune defences against infections and neoplasia. Cell encapsulation in polymer membranes has reached the stage of clinical trials in patients with neural disorders (23) . Intrathymic transplantation of islets and bone marrow has shown promise in induction of donor-specific tolerance (24, 25) . In addition, a variety of immune effector molecules have been employed in attempts to manipulate donor cells genetically to resist immune attacks (26, 27) .
The use of adenovirus genes to prolong the survival of transplanted b cells
In collaboration with Dr Marshall Horwitz we have utilized viral genes to modulate the immunogenicity of b cells, to prolong their survival in allografts. A number of viruses have evolved proteins which are capable of downregulating the host immune response against virusinfected cells. These can be used to render mammalian cells resistant to certain immune responses. One example is human adenoviruses (Ad), which encode a number of such proteins in the early region 3 (E3). One of these is a 19 kDa glycoprotein (gp19), which binds to the heavy chain of selected class I major histocompatibility complex (MHC) haplotypes and prevents its transport out of the endoplasmic reticulum (28) . Significant evidence suggests that cell surface class I MHC-mediated antigen presentation plays a major role in allograft rejection. Islets from mice deficient in b 2 -microglobulin, which lack cell surface class I MHC molecules (29, 30) , manifest a markedly increased survival, compared with normal islets, when transplanted under the renal capsule of allogeneic mice (31, 32) . Anti-class I MHC F(ab) 2 antibodies were shown to prolong allograft survival, as well as survival of human islet xenografts in mice (33) . These results suggest that genetic manipulation of class I MHC antigen presentation may facilitate transplantation of allogeneic b cells.
In addition to gp19, three other proteins encoded in the Ad2 E3 region have immunoregulatory activities. A protein of 14.7 kDa, as well as a heterodimer of the 10.4 kDa and 14.5 kDa proteins, can inhibit tumor necrosis factor-a-induced cytolysis of Ad-infected cells (28, 34) . All of the E3 polypeptides are produced from transcripts generated from a common viral promoter by alternative splicing.
To evaluate the potential use of these immunoregulatory viral proteins in allogeneic cell transplantation, we expressed the Ad E3 genes in pancreatic b cells in transgenic mice under control of the insulin promoter (RIP-E3), and transplanted transgenic islets under the renal capsule of allogeneic recipients (35) . Donor islets from RIP-E3 (C57BL/6×BALB/c/F1 (haplotype H-2 b/d )) transgenic animals were transplanted into either BALB/c or C57BL/6 parental strain recipients. The islets survived in the BALB/c mice for over three months, which was the last time point examined. In contrast, non-transgenic C57BL/6×BALB/c/F1 islets were all rejected by BALB/c recipients around three weeks following transplantation. Histological analysis of the surviving RIP-E3 islets showed no inflammatory response within the islets. In contrast to the transgenic donor islets that were accepted by BALB/c mice, islets from the same donors were rejected by C57BL/6 animals. The RIP-E3 mice were also bred into the BALB/k background (H-2 k ), and islets from these mice were transplanted into BALB/c mice. In this case, too, transplant survival was demonstrated at three months, compared with three weeks in non-transgenic controls (S Efrat & M S Horwitz, unpublished results). Experiments with cultured cells transfected with the Ad gp19 gene have shown that the gp19 protein binds class I MHC heavy chains of different haplotypes with different affinities (36, 37) , which may explain the variations in protection observed among RIP-E3 islets from different haplotypes. Taken together with recent findings that demonstrate the ability of the Ad E3 genes to prevent autoimmune destruction of b cells in a mouse model of virus-induced IDDM (38) , and to prolong gene expression in an animal model of gene therapy utilizing Ad vectors (39), our results suggest that the Ad E3 genes may be useful in engineering b-cell lines to reduce their immunogenicity and extend their survival in allogeneic transplantation.
Future prospects
The work in recent years has demonstrated that transformed b-cell lines can maintain the main differentiated functions of normal b cells, namely insulin biosynthesis and regulated secretion. The development of approaches to tightly regulate cell replication made it possible to use these cells in restoring and maintaining euglycemia in diabetic animals. Cell engineering with adenovirus genes that reduce cell immunogenicity allowed successful transplantation across allogeneic barriers without immunosuppression or immunoisolation. These genetic manipulations can be applied in the future to cultured human islets, to derive a universal donor human b-cell line. Despite remaining challenges, genetically engineered b cells hold the promise of replacing insulin injections as an accurate, convenient and safe way for long-term maintenance of euglycemia in IDDM patients.
